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Rbsmb. - Le sy8tkme de &harge est la technique expdrimentale qui se rdvkle la plus utile pour l’dtude des r h t i o n s  
drmwmiques par collisions triples. On indique d’abord quelles sont les valeurs nudriques des constantes de vitesses 
des r h t i o n s  par collisions triples conduisant b la formation de l’azote et de l’oxygkne moldculaires, de l’ozone, de 
I‘anhydride carbonique et des oxydes d’azote NO et NO,. En m6me temps, on a indiquue’ quelle est la fraction allant 
de 0,001 2c 0,05 qui se prhente sous forme d’dmission lumineuse au  cours de la rdaction globale. Le mdcanisme 
d u i s a n t  d une dmission est presque toujours lid 2c l’existence d’un dtat interm,ddiaire au  cours de la rdaction. Les 
&tions phentant  de l’importance dans la haute atmosphkre sont celles OQ interviennent l’oxygkne moldculaire 
et 1‘ozone car elles fixent les concentrations atmosphdriques. La  prdsence des bandes de la moldcule NO dans un 
spectre de la lumikre nocturne d‘une planZte peut servir d’indicateur parfait de la prhence d’azote atomique. Les 
rkactions par collisions triples qui se manisfestent dans le spectre du ciel nocturne sont d la fois la recombinaison 
de l’oxygkne atomique en oxygthe moldculaire et la recombinuison de l’oxygkne atomique et de l’oxyde d‘azote. 

L’excitation de la radiation verte ci 5577 X exige une collision entre un atome et une mo&xle d’oxygkne excitde 
m m e  pocessus intermddiaire. Les travaux expdrimentaux ont ddjb fourni beaucoup d‘dliments ahtinis aux 
applications drommiques, mais iL sont limit& dans le cas des rdactions lumineuses par suite de l’utilisation des 
p s s i o n s  nettement supdrieures b celles de la haute atmosphkre. 

ABSTRAOT. - The experimental technique most usefulin studying upper atmosphere three- body reactions is the discharge 
flow system. The overall reaction rate coefficients of three- body reactions forming molecular nitrogen, nitric oxide, 
oxygen, nitrogen dioxide, carbon dioxide, and ozone are tabulated. The rate coeificients of three-body reactions 
that lead to the emission of light have values between 0.001 and 5 % of the overall rate coefficients. The reaction 
mechanisms that lead to light emission almost always involve an intermediate state. Recent experimental evidence 
challenges the necessity of a collision in converting the intermediate state into the light-emitting state. The only 
three- body reactions that are important in determining the particle density in the earth’s upper atmosphere are the 
reactions that form molecular oxygen and ozone. The presence of nitric oxide bands in the night airglow of a 
planet i s  a sensitive test of the atomic nitrogen density. Three-body reactions that contribute to the night airglow 
of the earth are the recombination of atomic oxygen to form molecular oxygen and the recombination of nitric oxide 
and atomic oxygen to form nitrogen dioxide. 

The excitation of the 5577 A line requires a collision between an oxygen atoln and a n  excited oxygen molecule 
as a n  intermediate step. Laboratory experiments have provided overall rate coeficients that are useful in upper 
atmosphere calculations, but many of the laboratory measurements of the chemiluminescent reactions are inappli- 
cable because of their having been d u c t e d  at pressures that are higher than the upper atmosphere 
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PesloAW. - CHCTeMa p a 3 p J I n a  SIBJIReTCSI 3KCnepHMeHTaJ IbHO8 TeXHBICOg IIpOaBHBIUefiCn CaMOfi IIOJLe3HOE AJIn 
E 3 y 9 e H H J I  X3POHOME9eCKEX P e a K Q H g  IIO TPOfiHblM CTOJIKHOBeHBRM. C H a s a J a  IlOKa3bIBaeTCSI ICaKMMH 
JLBJUIIOTM qH@pOBbIe  BeJIHqEIHbI IIOCTOJIHHbIX CKOpOCTefi PeaKlIFfE HO TpOfiUblbZ CTOJIKHOBeHBBM IIPHBOA- 
a 4 H M  K 0 6 P a 3 0 B a H H I O  MOJIeKyJMpHblX i130Ta E ICHCJIOpOAa, 0 3 0 H a ,  YrJIeKHCJIOTbI 33 OICHCJIOB a 3 0 T a  NO H 
NO,. B To-ace B p e m  npaseneaa #paEqm IIpOCTHpaIoQasICJI  OT 0,001 Aa 0,05 I C O T O ~ ~ J ~  n o m m e T m  
 no^ BHAOM CBeToBoro  H ~ J I ~ ~ H I I J I  B T e y e H m  p e a K u m t i .  F e a I c n H H  n p e A c T a s n a I o u m e  B a x H o c T b  B B H C O I C O ~ ~  
aTMOC@epe  JIBIIJIIOTM TeMH I3 ICOTOPbIX IIpllHEIMaIoT Y P a C T E e  MOJI€!ICYJIJIpHI& ICMCJIOPOR EI 0 3 0 U  IIOTOMY 
9TO OHe OQefleJLJIIoT aTMOC#epHbIe KOHqeHTpa4NH.  I IpHCyTCTBEe  JINHNN MOJIeEyJIbI NO B CI IeKTpe  
HO¶HOI’O C B W e H H a  IIJIaHeTbI MOXCeT CJIpXCHTb OTJIHPHbIM y K a 3 a T e J I e M  IIpHCyTCTBHS BTOMHOrO 8 3 0 T a .  
P e a K q H E  IIO TPOaHOMy CTOJIKHOBeHHIO ICOTOpbIe 06HapyXCHBaIOTC.H B CIIeKTpe HOPHOI’O CBePeBHSI 
a B n r f I o T U 3  Ojl,HOBPeMeHEO p e ~ o ~ 6 H H a q H e t t  aTOMHOrO KHCJIOpoAa B MOJIe ICyJUQHbl~  ICliCJIOpO~ E PeKOM- 
6 ~ ~ a a ~ e i 3  aTOMHOrO KHCJIOpOAa II OICHCH a30~a. B o 3 6 y x f i e ~ ~ e  3eneaoro H3JIyPeHEifi B 5577 A ~ p e 6 y e ~  
CTOJIICHOBeHHJI M W A y  8TOMOM H MOJIeKyJIOfi KECJIOpOAa B O 3 6 y X ~ e H E O f i  BO BpeMJI IIpOMejrcyTOsHOrO 
n p O I w C a .  3KCnepHMeHTaJ IbHbIe  p a 6 0 T b I  y1Ke AaJIH MHOrO 3JIeMeHTOB IIp€?AHa3Ha¶eHUbIX AJIa a3pOHO-  
MH’XeCKHX IIpHMeHeHHfi, HO OHH O r p a H H ¶ e H b I  B C J I y ¶ a e  CBeTOBbIX P e a I C q H B  BCJIeACTBHH IICIIOJIb30BaHHR 
RaBJIeBHt t  8Ha¶HTeJIbHO 60~1bmax 9 e M  B BbICOKOfi aTMOC#epe.  

(*) Expod fait 8u Symposium d’A8ronomie de I’Association Internationale de Gltomagnlttisme et  d‘A8ronomie lors de 
l’AeSembl6e OBnBrale de l’UGGI (Berkeley, 21-24 eoht 1963). 
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INTRODUCTION 

When the atoms in the upper atmosphere 
recombine, the recombination takes place through 
a three-body reaction in many cases. The third 
body is necessary to enable the reactants simul- 
taneously to conserve both energy and momentum. 
The details of the recombination depend upon the 
potential energy curves of the individual molecules 
that are accessible to the recombining atoms. 
Three-body recombinations that are of interest 
in the earth’s upper atmosphere lead to the for- 
mation of molecular oxygen, molecular nitrogen- 
nitric oxide, ozone, nitrogen dioxide, and carbon 
dioxide. These reactions will be discussed here. 
It will turn out that one of the most important 
aspects of three-body reactions ard the two-body 
reactions that accompany them. 

It is the intention of this review initially to 
discuss laboratory experimental technique, then 
to review the laboratory results on overall reaction 
rates, to examine in detail the three-body reactions 
that lead to the emission of light, and finally to 
apply the laboratory results to the earth’s upper 
atmosphere and the night airglow. This review 
takes ajvantage of there being two reviews on the 
experimental work on atomic oxygen reactions by 
KAUFMAN (1961) and KAUFMAN and KELSO (1961). 
In  addition, there recently have been published the 
proceedings of a discussion of the Faraday Society 
(1962) devoted to inelastic collisions of atoms 
and simple molecules and a symposium arranged 
by the Stanford Research Institute (1961) on 
chemical reactions in the lower and upper atnios- 
phere. 

13XPERIMENTAL TECHNIQUE 

An experimental technique that is particularly 
useful in measuring overall reaction rates of three- 
body recombinations is the discharge flow system. 
A typical arrangement is depicted in figure 1.  A 
molecular gas is pumped a t  low pressure through 
an electrical discharge which in many cases is 
generated by microwaves. The atoms that are 
produced in the discharge are pumped down the 
reaction tube. In  some experiments a second gas 
is added to the atom stream through a titration 
inlet. For three-body reactions that produce 
light, the rate of decay of the atoms in the reaction 
tube may be measured with a combiriation of 
photomultiplier tubes and filters that may be 
moved the length of the tube. The emission of 

ATOM PRODUCING 1 DISCHARGE 
2 

I 

MOVABLE PHOTOMULTIPLIERS 

FIG. 1. -Discharge flow system. Atoms are produced in 
a discharge at low pressures and pumped through the 
reaction tube. The rate of decay of the light emission from 
the recombining atoms is measured by the movable photo- 
multipliers. 

! 

the first positive bands of molecular nitrogen have 
bee11 used to measure tile reoombiiiatioii rake of 
atomic nitrogen (HARTECK et al., 1958a). Since 
the emission of the nitric oxide beta bands is 
proportional to the product of the atomic nitrogen 
density and the atomic oxygen density, while the 
intensity of the first positive bands is proportional 
to the square of the nitrogen atom density, the 
ratio of the beta bands to the first positive bands 
gives the ratio of the number of oxygen atoms to 
the number of nitrogen atoms. The simultaneous 
observation of these two emissions permits the 
measurement of the three-body recombination of 
atomic nitrogen to form molecular nitrogen, atomic 
nitrogen and oxygen to  form nitric oxide, and 
atomic oxygen to form molecular oxygen over a 
wide range of experimental conditions (BARTH, 
1 9 6 1 ~ ) .  The reaction between nitric oxide and 
atomic oxygen which produces a green afterglow 
has been used t o  measure both the rate of the 
nitric oxide-atomic oxygen three-body reaction 
(KAUBMAN, 1958) and the three-body atomic oxy- 
gen reaction (MORGAN and SCHIFF, 1963). Experi- 
mental techniques in which the atom disappear- 
ance rates are measured using fixed-position, 
multiple titration nozzles and isothermal calori- 
metric detectors are reviewed by KAUFMAN (1961). 

Typical dimensions and physical conditions in 
the laboratory experiments on atom reactions are 
given in Table 1. The pressure range lies between 
0 . 1  and 10 mm Hg and the diameter of the reaction 
tube is usually between 10 and 50 mm. The 
particle densities and collision frequencies for these 
conditions are shown in Table 1. In  order to 
enhance three-body reactions and minimize wall 
collisions, the experiments are usually run a t  pres- 
sures that are as high as possible. This necessity 
leads the laboratory experimenter away from the 
pressurcs and phenomena, tha,t are appropriatle ta 
the upper atmosphere. 

In order to determine reaction rates from the 

~~ ~ 
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3 C. A. BARTH [ANNALES D E  G ~ O P H Y S I Q U E  

TABLE I 

TYPIOAL DIMENSIONS AND PHYSICAL CONDITIONS 
I N  LABORATORY EXPERIMENTS ON ATOM REACTIONS. 

Pressure ............ 0.1 - 10 mm Hg 
Diameter ........... 10 - 50 mm 
Particle Densities .... 3 x 1015 - 3 x 101' ~ 3 1 1 1 ~  

Collisionfiequency .. 3 x lo5 -5 x lo7 sec-1 
Wall Collision 

Frequency ........ 2.5 x lo5 - 5 x 10' sec--' 

measurements of light intensity along the tube, 
it is necessary to take into account the flax rate 
and the pressure of the reacting gases. The 
proper procedure and the limitations on the 
technique are discussed by KAUFMAN (1961). 
Another factor that needs to be correctly taken 
into account when determining a particular reac- 
tion rate coefficient is the consumption of the 
reacting atoms by competing reactions. The usual 
procedure is to eliminate the competing reactions 
by experimentally removing the impurities causing 
the reactions. In many cases, this is neither 
necessary nor desirable. In the measurement of 
the three-body reaction between atomic nitrogen 
and atomic oxygen, eight other reactions involving 
these species and their products occur concurrently. 
In situations such as this, it is convenient to write 
the differential equations describing all nine reac- 
iqns and integrate them on a high-speed digital 
computer (BARTH, 1961~). The experimentally- 
determined decay rates of the atoms may be 
compared to  the computer solutions, and the rate 
coefficients adjusted until satisfactory agreement 
is obtained. An example of such a calculation 
is shown in figure 2.  The integration was per- 
formed for one second of reaction time for a mix- 
ture of 2 x 1015 oxygen atoms (3111-3, 1 x 1014 
nitrogen atoms cm-3, 2 x 1017 nitrogen molecules 
cm-8, and 5 x 101O nitric oxide molecules 
The atoms combine, forming molecular oxygen and 
ozone which participate in the subsequent reac- 
tions. The figure also shows the solutions of two 
analytic approximations to the rate equations and 
indicates how, to varying degrees, they differ from 
the correct solution. The computer solutions 
make it unnecessary for experimental conditions 
to be made to fit situations for which there are 
exact analytic solutions. 

Figure 2 also illustrates an experimental situa- 
tion where atomic oxygen reactions may be studied 

TIME, rec 

FIG. 2. - Computer solution of reaction rate equations. Six 
simultaneous differential equations that describe nine reac- 
tions were integrated on a high-speed computer. The 
resulting change of density with time is plotted for each 
of the atom and molecule species involved. Two approx- 
imate analytic solutions are shown for cornparison. 

uithout interference from large numbers of oxygen 
molecules. The 1 yo mixture of oxygen atoms in 
nitrogen molecules are produced by titrating a 
1 yo mixture of nitrogen atoms in nitrogen mole- 
cules with 1 yo nitric oxide. The oxygen atoms 
are formed rapidly while the oxygen molecules 
and ozone are produced more leisurely. The 
number of oxygen molecules never exceeds one- 
half the number of oxygen atoms that were present 
initially. This technique has been used in the 
study of the 5577 A line and the molecular oxygen 
Herzberg bands (BARTH and PATAPOFF, 1962). 

An experimental arrangement that is useful in 
measuring the light emission from three-body 
reactions is shown in figure 3. The atoms are once 
again produced in a ciischarge flow system. They 
are pumped at  low pressure to an observation 
tube where simultaneous measurements of the 

,,-ATOM- MEASURING 
PHOTOMULTIPLIER-, f -FILTER EPR CAVITY 

SPECTROMETER 

--- PUMP 
GAS I 

INLET- 

k- 
-ATOM-PRODUCIIqG DISCHARGE 

-- 
FIG. 3. - Apparatus for the simultaneous measurement of 

atom density and light emission. The atoms are produced 
in  a microwave discharge end pumped into a n  observation 
tube where a simultaneous measurement of the atom density 

-and light emission is made. 
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atom density and the light emission are made. 
The optical observations may be made with either 
a spectrometer or a combination of filters and 
photomultipliers. In the apparatus shown, the 
atoms are measured with an electron paramagnetic 

' resonance spectrometer (BARTH et al., 1962). 
Figure 4 shows the results of the simultaneous 

I z i  1 
5 ORANGE 3&' I 

RL liF Gl OW 
/ o  ' , ' 

0 / -  I 

NlTRlC OXlGE FLOW RATE, arS11ro.y u n i l ~  

FIG. 4. - Simultaneous observation of atom densities and 
afterglow emissions. Varying amounts of nitrogen atoms 
and oxygen atoms were produced by titrating atomic 
nitrogen with nitric oxide. The atom densities were mea- 
sured with an electron paramagnetic resonance spectro- 
meter and the nitrogen first positive bands, the orange 
glow, and the nitric oxide beta bands, the blue glow, were 
measured with photometers. 

observations of the nitrogen first-positive bands, 
the nitric oxide beta bands, and the density of 
atomic nitrogen and oxygen when nitric oxide is 
added to a nitrogen afterglow. The first positive 
bands are proportional to the square of the atomic 
nitrogen density and the beta bands are propor- 
tional to the product of atomic nitrogen and 
atomic oxygen (KAPLAN et al., 1960). This tech- 
nique permits the measurement of intensity VS. 
atom density over a range of pressures. 

Other authors have used titration techniques 
to measure the atom density while measuring the 
light output with photomultipliers (see KAUFMAN, 
1961). 

24 26 

THREE-BODY REACTION RATES 

The rate coefficients of six three-body reactions 
that are important in aeronomy are tabulated in 
Table 11. The results that are quoted were 

selected on the basis that, in the view of the 
reviewer, the experimental technique had the most 
chance of producing results that would be directly 
applicable to the upper atmosphere. This has 
meant experiments that were performed at  low 
temperatures and at pressures that were as low as 
possible. These criteria have led almost uniformly 
to cxperiments using the discharge flow system. 
The sole exception is the stirred-reactor experi- 
ments on carbon monoxide and atomic oxygen by 
MAHAN and SOLO (1962), where it was thought 
that because of the temperature range studied the 
results might be of use in the chemistry of the 
atmosphere of Venus. Results from experiments 
using other techniques are reviewed by &UPMAN 
(1961). 

The table lists several experimental results for 
each reaction, since each of the reactions has been 
studied by different workers with a variety of 
techniques. No attempt is made to evaluate 
which value is the " best ". All other things being 
equal, the smallest value may be closest to the 
value the reaction would have in the upper atmos- 
phere. 

The rate coefficients listed are for the rates of 
atom loss ; thus if, 

(1) 

then 

X + X + M + X ,  + M, 

where k is the rate coefficient in units of cm6 mole- 
cules-2 sec--l. The coefficients in Table I1 are 
the rate coefficients of the overall reaction that 
leads to the formation of the molecule, but the 
coefficient does not specify the electronic, vibra- 
tional, or rotational state of the resulting mole- 
cule. The pressure range over which the experi- 
ment was conducted is listed along with the tempe- 
rature. The range of these parameters is very 
limit 7 d. 

Five three-body reactions that lead to the 
emission of light are listed in Table 111. All of 
these chemiluminescent reactions are potential 
contributors to the night airglow of the earth 
and other planets. The rate coefficients listed 
in this case are the effective coefficients for light 
emission. Where the complete interaction pro- 
ceeds as a three-body reaction, the coefficient is 
given in units of cm6 molecules-2 sec--l ; and 
where the interaction is effectively a two-body 
reaction, thc coefficient is given in units of cms 
molecules-l sec-l. The coefficients are given for 

- 1 8 5 -  
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TABLE I1 

TEIREE-BODY REACTION RATES. OVERALL BATES AS MEASURED IN THE LABORATORY IN STIRRED REACTOR 
AND DISCHARGE FLOW EXPERIMENTS. THE PRESSURE AND TEMPERATURE RANQE USED IN THE LABORATORY ARE QIVEN. 

REACTION 

N + N + M  - + N , + M  
- 

N + O + M  + N O + M  

O + O + M  + 0 2 + M  

NO + 0 + M +NO, + M 

CO + 0 + M -+ CO, + M 

t,wo-body reaction 

REFERENCE RATE COEFFICIENT, PRESSURE, mni Hg TEMPERATURE, 
em6 molecules-2 sec--l RANGE 

__ 
1.7  x 1 0 - 3 2  

7 . 4  x 10-33 
1 .5  x l e s 2  

7.0 x 10-33 

5 .1  x 10-33 

1 . 6  x 10-32 

2 . 7  x 10-33 

2 .8  x 10-33 

2.8 x 10-33 

8 . 2  x 1 0 - 3 3  

7 . 5  x 10-32 
5 . 1  x 10-32 

1 0  X‘ 1 ~ 3 2  

6 . 9  x l W 3 2  

+ 1800f400 
2.8  x 10-33c ET 

7 . 5  x 10-32  

1.4 x 1 F - ” I  

1.6  x 10-17 

2 . 4  x 10-34 

1 . 1  x 1 0 - 3 1  

cm3 molecule-1 sec I 

- 
0.5 - 1 . 3  
3 - 10 
0 . 5  - 4  

5 

3 - 4  

5 

0.95 - 1.34 
2 . 3  - 4 . 8  

0.4 - 5  

5 

0 . 2  - 1 .6  
0.62 - 1 . 1 1  
1.21 - 3.05 

0 . 5  - 1 0  

I - 2  

I - - 2  

0.M - 2.6‘3 

0 . 2  - 1 .5  

0 . 5  - 5 
0.4 - 5 

- 
300 

200-450 
300 

300 

300 

300 

300 
300 

300 

300 

300 
300 

513-294 

300 

212-315 

293 

393 

338-533 

300 
400 

- 
HARTECK, et al., 1958a 
HERRON, et al., 1959. 
MAVROYANNIS and WIN- 

ELER, 1961. 
BARTH, 1961~.  

MAVROYANNIS and WIN- 
ICLER, 1961. 

BARTH, 1961~.  

REEVES, et al., 1960. 
MORQAN and SCEIIFF, 

K A ~ W  and KELSO, 

BARTH, 1961a. 

KAUFMAN, 1958. 
HARTECK et al., 1958b. 
OGRYZLO and SCHIFF, 

BROIDA, SCHIFF antl 

CLYNE and THRUSH, 

1963. 

1961. 

1959. 

SUQDEN, 1961. 

1962. 

CLYNE :tnd THRUSH, 

MAHAN antl SOLO, 1962 
1962. 

ELIAS et al., 1959. 
KAUFMAN and KELSO, 

1961. 

each of the band systems or continua that were 
measured. In  addition, the fraction of the reac- 
tions that result in the emission of light out of the 
total number of reactions is given. The value 
varies between 5 % and 0.001 % for the cases 
listed at an effective pressure of 3 mm Hg. The 
pressure at  which the measurements were made is 
also listed. In all cases, the absolute intensity 
calibration was performed by comparing the 
emission being studied to that of the green conti- 

nuum from the nitric oxide-atomic oxygen reac- 
tion. This reaction has been measured quantita- 
tively by three groups of workers by both chemical 
and photometric techniques. It should be rea- 
lized, however, that the fundamental standards for 
measuring the number of light quanta emitted and 
for measuring the number of atoms reacting are 
quite different. Thus, any comparison between 
the rate for photons emitted to the rate of atoms 
removed is subject to large systematic errors. 
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2 -  

THREE-BODY RECOMBINATION MECHANISMS 

._ I 

All of the reactions listed in Table I11 require 
several steps to lead to the final emission of light. 
These intermediate reactions include collision- 
induced transitions and, deactivations. These are 
the important two-body processes involved in a 
three-body chemiluminescent reaction. 

The classic reaction of this type is the nitrogen 
afterglow. The emission of the nitrogen first- 
positive bands from the recombination of nitrogen 
atoms owes its modern interpretation to the work 
of Kistiakowsky and his students (BERKOWITZ et 
al., 1956;  BAYES and KISTIAKOWSKY, 1958; 
KISTIAKOWSKY and WARNECK, 1957). The ni- 
trogen atoms recombine in a three-body reaction 
to form a nitrogen molecule in a 5X state. This 
excited nitrogen molecule then collides with ano- 
ther body and undergoes a transition into the 
B31T state or, alternately, it  is simply deactivated. 
The nitrogen molecule in the B3 II state then either 
radiates the firstpositive bands or is deactivated 
by another collision. These reactions may be 
expressed by the following equations, where the 
chemical symbol M stands for any molecule, 

(3) N + N + M + N ,  w) + M h a -  

(4) N, (5x) + M + N z  (B3 n) + M kib 

(5)  N, ("c) + M + N ,  + M kl c 

(6) N, (B3 II) + N, + hv *I 

(7) N, (B3 n)  + M+N, + M kid. 

hv represents photons of the first positive bands, 
the k, s are the various rate coefficients, and A, is 
the transition probability of the first positive 
bands. An energy-level diagram of molecular 
nitrogen is given in figure 5 .  The intensity of the 
firstpositive bands in terms of the rate coefficients 
and particle densities is given in the following 
expression : 

where I is the intensity in photons ~ m - ~  sec-1 and 
the symbols in square brackets represent particle 
densities in atoms or molecules 0111-3. 

In some unpublished work by the author and 
M. PATAPOFF using the apparatus shown in figure 3 
the intensity of the first positive bands was found 
to be independent of pressure between 1 and 5 mm 
Hg. YOUNG and SHARPLESS (1963) have reported 

FIG. 5. - Energy level diagram of molecular nitrogen. 

that this emission is pressure independent between 
1 and 80 mm Hg. These observations require that 
if the reactions in equations 3-7 are a proper expla- 
nation of the nitrogen afterglow, the denominator 
in equation 8 has to fulfill the following condition : 

(9) 5 [MI > 1. 
A, 

Since the lowest pressure where the pressure 
independence was observed was 1 mm Hg, 
[MI = 3 x 1OI6 molecules ~ m - ~ .  The deacti- 
vation coefficient k,, may not be larger than 
10-lo cm3 sec--l, hence this requires that the 
transition probability A, must be less than 
3 x los sec--l. If further laboratory experiments 
show that the deactivation coefficient or the tran- 
sition probability exceeds these limits, then K.Is- 
TIAKOWSKY'S idea of a collision-induced transition 
has to be given up. 

The effective rate coefficient listed in Table I11 
for the emission of the firstpositive bands, k,, is 
equal to the following combination of the coeffi- 
cients from equation 8 : 

Another three-body chemiluminescent reaction 
of long-standing interest is the recombination of 
atomic oxygen and atomic nitrogen to form nitric 
oxide, and the consequent emission of the beta, 
gamma, and delta bands. These bands have been 
observed in the nitrogen afterglow since the dis- 
covery of that phenomenon. Relatively recently 
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14 

it has been realized that the three-body recombi- 
nation of atomic oxygen and atomic nitrogen leads 
to the emission of the beta, gamma, and delta 
bands of nitric oxide in a manner that is analogous 
to the emission of the first positive bands in the 
nitrogen afterglow (BARTH et al., 1959). The 
recombining atoms form a nitric oxide molecule 
in a 2Z state. A subsequent collision induces a 
transition to the B2 ll state from which the beta 
bands radiate. This mechanism may be repre- 
sented by the following reactions : 

(11) N + 0 + M-+N0(2C) + M 

(13) NO('C) + M + N O  + M 

(14) N O ( B ~  n )  -+ NO(XZ n)  + hv 

kza. 

kzt,, 

b e ,  

4. 

(12) NO('€) -!- M+NO(B2 II) + M 

where the hv in this case stands for beta band 
photons and the other symbols have meanings 
analogous to the similar symbols in the previous 
set of equations. An energy-level diagram of 
nitric oxide is shown in figure 6. The intensity of 
the beta bands is given in the following expression : 

//N (4S) +O ( 5 S )  
I // 

0 2:i 
-2 

- 4  
0 I 2 3 .  4 

INTERNUCLEAR DISTANCE, A 
FIG. 6. - Energy level dirtgram of nitric oxide. 

I n  some additional unpublished work, the 
author and PATAPOFP have shown that the inten- 
sity of the beta baiids is directly proportional to 
pressure over the range 1 to 6 mm Hg and YOUNG 

and SHARPLESS (1963) report also that this emis- 
sion is p:-essure dependent above 1 mm Hg. The 
laboratory report of pressure dependence of the 
intensity of the beta bands obviates the need for a 
deactivation term in equation 15. The rate 
coefficient of Table I11 is then equal to the fol- 
lowing : 

Still other experimental work by YOUNG and 
SHARPLESS (19624 has shown that the delta bands 
of nitric oxide are independent of pressure between 
0 . 2  and 10 mm Hg. As in the case of the nitrogen 
firstpositive bands, the pressure-independence 
challenges the concept of a collision-induced tran- 
sition to bring the molecule into the upper state 
of the emission system. The emission of the delta 
bands from recombining nitrogen and oxygen atoms 
may be represented by the following equations 

(17) 

(19) N O ( d  n )  + M + K O  + M 

(20) p~o(c2 n )  --f N O ( X ~  n)  + hv A,, 

(21) No(c2n) + M + N O  + M 

N + o + M + ~o(a4 n)  + M kzlo, 

kz'b. 

kvc, 

(18) NO(U' II) + M -+ NO(C2 n)  + M 

k Y d .  

with the intensity of the delta bands given by : 

As in the case of the first positive bands, in 
order that the pressure independence be explained, 
the upper state of the emission bands must have a 
lifetime sufficiently long for significant deacti- 
vation to take place. If this requirement cannot 
be met, it is necessary to consider that the tran- 
sition from the a4 I1 state to the C2 II state in 
equation 18 takes place without the necessity of a 
collision. 

(23) N O ( ~ Z  n )  + N O ( C ~  n ) kzfle. 

If equation (23) is substituted for equation (18) 
in the reaction mechanism, the intensity equation 
takes the following form : 

If the iiiterrncdiote state u4 I1 is deactivat,ed hy 
collisions as in equation (19), equation (24) does 
become pressure independent. The effective rate 
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coefficient in Table I11 would then be equivalent 
to the following : 

YOUNG and SHARPLESS (1963) report the nitric 
oxide gamma bands to  have a mixed pressure 
dependence. The reaction mechanism for this 
emission could be a combination of the mechanisms 
discussed here plus a contribution from still another 
reaction. 

"he three-body recombination of atomic oxygen 
to form excited molecular oxygen is a reaction of 
great importance in the upper atmosphere. The 
Herzberg bands and the atmospheric bands are 
prominent airglow features that arise from this 
recombination. The Herzberg bands were first 
produced in the laboratory in an oxygen afterglow 
by BROIDA and GAYDON (1954) and more recently 
in a laboratory source containing atomic oxygen 
as the only energetic species by BARTH and PATA- 
POFF (1962). The atmospheric bands were first 
produced in the laboratory by KAPLAN (1947) 
and later in an oxygen afterglow by BRANSCOMB 
(1952). 

I n  contrast to the reco libination mechanisms 
that have been discussed for molecular nitrogen 
and nitric oxide, the upper levels of molecular 
oxygen emissions may be reached directly by 
ground state oxygen atoms. The Herzberg bands 
arise from the transition A3 X: - X3 X; and the 
atmospheric bands from b1 X: to X3 Cy. See 
figure 7 for a potential energy diagram that shoxvs 
these levels. The excitation and dcactivation of' 
the Herzberg band system may be represented by 
the following reactions : 

(26) 

(27) 

0 + 0 + M + 0, (-a3 C) + M kda, 

k 3 b ,  0, (A3 X) + M ++ 0, + M 

(28) 0, (A3 2;) + 040, + M k3c, 

(29) 0, (A3 C) ++ 0, + hv A,, 

(30) 0, (A3 C) + wall -+ 0, w3. 
In  addition to molecular deactivation, the 

deactivation of the excited molecule by oxygen 
atoms, reaction 28, is important. Because of the 
long lifetime of the excited state, wall de Activation 
must be considered as well. The intensity of the 
Herzberg bands in terms of reactions 26 - 30 is 
given by the following expression : 

I \ I 
X 3 Z i  i 

-4 I I I I I 
0 I 2 3 4 

INTERNUCLEAR DISTANCE, A 
FIG. 7. - Energy level diagram of molecular oxygen. 

The laboratory results by YOUNG and SHARPLESS 
(1963) show the Herzberg band emission to be 
independent of wavelength over the pressure range 
0 . 8  to 65 mm Hg which indicates that molecular 
deactivation dominates. Their rate coeEcient 
given in Table I11 should be equal to  the following 
combination of coefficients : 

A set of reactions for the excitation of the 
atmospheric bands from oxygen atom recombi- 
nation may be written in a form analogous to 
reactions 26 - 3 0 .  YOUNG and SHARPLESS (1963) 
also measiired the emission rate of this band system 
and found that it did vary with pressure over the 
range 0 .24  - 12 mm Hg. These results are best 
explained by equating their value as listed in 
Table I11 t o  the following coefficients derived 
from eqiiation 3 1 and involving wall deactivation. 

(33) 

I n  their paper on the oxygen afterglow, RROIDA 
and GAYDON (1954) suggested that a band system 
A3 X - bl C was present in the laboratory after- 
glow and the upper atmosphere airglow. I n  a 
spectroscopic study with higher resolution, BARTH 
and KAPLAN (1959) showed that this proposed 
BROIDA - GAYDON system could not be identified 
with either the laboratory or airglow spectra. 
CHAMBERLAIN (1958) has proposed a band system 
B34, - alap to explain some of the unknown 
spectral features in the night airglow. Some of 
these same features are found in the laboratory 
spectrum as well (BARTH and KAPLAN, 1959). 

The three-body chemiluminescent reaction be- 
tween nitric oxide and atomic oxygen has a history 
almost as long as that Qf the nitrogen afterglow. 
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The modern quantitative study of this reaction (1961), the mechanism may be presented by the 
began with KAUFMAN (1958). More recently, following equations : 
BROIDA, SCHIFF and SWGDEN (1961) and CLYNE 
and THRUSH (1962) have been proponents of a 

transition from a stabilized intermediate state, a 
mechanism analogous to that of the nitrogen 

energy diagram figure 8, from BROIDA et al., 

(34) NO + 0 + M+NO2 (C) + M L o ,  

reaction mechanism involving a collision-induced (35) NO2 (C) f M + NO, (B) M h b ,  

k4c, (36) NO, (C) + M +  NO, + M 

afterglow. Using the notation and potential (37) NO, (B) +NO, + hv A,, 
(38) NO2 (B) + M -+ NO, + M kid. 

- 
rO-NO 

FIG. 8. - Energy level diagram of nitrogen dioxide. (Reproduced from BROIDA, S(.HIPF and SITGI)EN, 1961.) 

The nitrogen dioxide states, B and C refer to 
levels in figure 8. The Rv refers to the emission 
bands of the greenish-yellow air afterglow. The 
intensity of this emission in terms of these reac- 
tions is given by : 

1 
- [NO] [O] [MI h a  k4b 

( h b  f k4c)  
(39) I = 

The rate coefficients reported in Table I11 by 
KAUFMAN (1958), FONTIJN and SCHIFF (1961), and 
CLYNE and THRUSH (1962) are independent of 
pressure over the pressure range available to the 
laboratory experimenters 0 . 2  - 4 . 3  mm Hg. 
Equation 39 may be made pressure-independent 
by having reaction 38 dominate reaction 37 ; then 
the rate coefficient of Table 111 is equivalent to  
the following : 

CLYNE and THRUSH (1962) suggest that the 
ratio of IFld/& may be determined independently 

from data on the nitrogen dioxide fluorescenc : 
spectrum. These same experimenters report a 
negative temperature coefficient for the chemilu- 
minescent reaction. 

The chemiluminescence from the three-body 
recombination of carbon monoxide and atomic 
oxygen has been long observed in flames and, in 
fact, the emission has been called the CO flame 
bands. The production of these bands from a 
reaction between atomic oxygen and carbon mono- 
xide was first shown by BROIDA and GAYDON 
(1953). This reaction is of current interest be- 
cause of the possibility of its occurence in the night 
airglow of Mars and Venus. Two recent studies 
by CLYNE and THRUSH (1962) and by MAHAN and 
SOLO (1962) have shown the chemiluminescent 
reaction to be pressure independent. CLYNE and 
THRUSH (1962) have suggested a reaction mecha- 
nism that is analogous to the nitric oxide-atomic 
oxygen reaction. Ground state CO and 0 recom- 
bine into a state which undergoes a radiationless 
collision into the statc that finally radiates. Fi- 
gure 9, which is from their work, shows the energy 
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reaction co-ordinate 
FIG. 9. - Energy level diagram of carbon dioxide. 

(Reproduced from CLYNE and THRIJSH, 1962.) 

levels appropriate to the following reaction mwha- 
nism : 

(41) CO + 0 + M + CO, (3B,) + M 
(42) CO,  (3B,) + M - t  CO, ( "2 )  + M 

k5ar 

k5/, 

(43) CO, (3R,) + M - CO, + 31 1i"5?. 

(44) co, ('B,) + co, i hv 4 5 ,  

(45) co, (%,) + ?(iI-tco, T M L l .  

The intensity of' the carbon monoxide flame 
bands is then equal t o  : 

and the pressure-independent rate coefficient is 
equal to 

(47) 

The rate coefficients reported by MAHAN and 
SOLO (1962) and CLYNE and THRUSH (1962) and 
listed in Table I11 have different temperature 
iependences. Even a t  room temperature the rates 
measured by the t vn experimental groups differ by 
a factor of 10 with the MAHAN-SOL I value being 
higher. In  addition, MAHAN and SOLO (1962) re- 
ported that molecular oxygen v as effective in deac 
tivating the excited carbon dioxide and they took 
care to minimize the amount of oxygen present 
in their reactor. This means that the value of the 

deactivation coefficient in equation 45 is different 
depending on the nature of the deactivating 
molecule, and that the kjd that one group measured 
may have been different from that which the other 
group measured. In  attempting to evaluate the 
usefulness of chemiluminescent rate coefficients for 
application to the upper atmosphere, the higher 
reported value may be the most appropriate since 
it may indicate a lack of deactivating reactions. 
This criterion is opposite to that employed in 
evaluating the overall rate coefficients. 

The following observation may be made after 
reviewing these five three-body recombination 
chemiluminescent mechanisms. Recombination 
into an intermediate state which then undergoes 
a radiationless transition appears to be the rule 
rather than the exception. The nature of this 
radiationless transition has not been clearly 
demonstrated by experiment. Whether or not 
a collision is always required to induce the tran- 
sition is the key question. 

UPPER ATMOSPHHRE THREE-BUOY REACTIOR 

Three-body reactions play a role in determining 
the composition of the upper atmosphere and in 
contributing to the excitation of the night airglow. 
Calculations of the reaction rates of the three- 
body reactions in the upper atmosphere involving 
atomic nitrogen and atomic oxygcn have been 
made by BARTH (IMilb).  Figure 1 of that paper, 
which is reproduced as figure 3 of the paper by 
BRANSCOMB in this volume, shows the particle 
densities in the upper atmosphere that are the 
results of the calculations. The only tu,o three- 
body reactions which make an important contri- 
bution in determining the composition of the 
upper atmosphere are the reconibination of atomic 
oxygen to form molecular oxygen and the reaction 
between etomic oxygen and molecular osygen to 
form ozone. The first of these is important 'n 
the 90 - 110 km region and the second in the 
region between 30 and 90 km. Although the 
three-body reactions involving atomic nitrogen 
are rapid, a two-body reaction between atomic 
nitrogen and molecular oxygen determines the 
atomic nitrogen c'ensity. 

The five three-body chemiluminescent reactions 
listed in Table 111 are potential contributors to 
the night airglow of planets. The rates of for- 
mation of excited molecules by three-body reac- 
tions were also calculated by BARTH (1961b). 
Figure 10 is a reprint of those results. The calcu- 
lations were made using the overall rate coeffi- 
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REACTION RATE, molecules crn-' sec-' 

FIG. 10. - Calculation of reaction rates of three-body reac- 
(Reproduced from BARTH, tions in the upper atmosphere. 

1961 b. ) 

cients for the reactions corresponding to those in 
Table I1 of this paper. To determine the actual 
rate of emissionifrom these reactions, it  is neces- 
sary to multiply the results of figure 10 by the 
ratio of the appropriate chemiluminescent reaction 
rate to the overall reaction rate. For the five 
reactions listed in Table 111, this requires a proper 
application of equations 10, 16, 25, 32, 33, 40 and 
47. The atomic nitrogen density is far too low 
in the earth's atmosphere for reaction 1 of Table 
I11 to produce nitrogen first positive bands that 
are observable. The observation of nitric oxide 
bands actually offers a more sensitive technique 
of detecting atomic nitrogen in the upper atmos- 
phere. However, the rate coefficient given in 
Table I11 and the calculation in figure 10 indicate 
that the intensity of the entire beta band system 
should be only of the order of Rayleighs. 
However, in the airglow of a planet that has much 
less molecular oxygen than the earth, such as 
Mars, the intensity of this system may be greater 
(BARTH, 1961~) .  The intensity of the airglow 
contribution from nitricoxide gamma and delta 
bands and nitrogendioxide bands cannot be calcu- 
lated because the laboratory experiments were not 
conducted at a pressure low enough to determine 
the pressure dependence of the emission. How- 
ever, figure 10 shows that the variation with 
height of the nitrogen dioxide emission has a 
double maximum, one at 70 or 80 km and the 
other at 100 km. Measurements of the height 
distribution of the continuum of the night airglow 
by Naval Research Laboratory rocket experiments 
have shown a double maximum at these heights. 
(See fig. 8 of PACKER (1961).) The pressure 
dependence of the carbon-monoxide atomic-oxygen 
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chemiluminescence has not been determined, and 
hence the calculation of its airglow intensity is not 
yet possible. It is not expected that this emission 
will contribute to the earth's airglow, but it may 
be important in the night airglows of Mars and 
Venus. 

Disappointingly, the airglow intensity of the 
molecular oxygen Herzberg and atmosphcric bands 
cannot be calculated from the results quoted in 
Table 111. The pressure dependence of the Herz- 
berg bands has not been measured, and the labo- 
ratory measurements of the atmospheric bands 
appear to be dominated by wall collisions. The 
workers who made the laboratory measurements 
recognized the difficulty in applying their resuits 
to the upper atmosphere, but it is not clear why 
this prompted them to state that the recombi- 
nation of atomic oxygen is incapable of producing 
the observed airglow (YOUNG and SHARPLESS, 
1962b). Their laboratory results do not prove 
this ; they are simply not applicable. 

Information about the rate coefficients of the 
reactions leading to the emission of the Herzberg 
and atmospheric bands can be determined by 
examining the height profiles of the emissions 
obtained in rocket experiments (BARTH, 1962a). 
The altitude profile of the oxygen airglow that 
was presented by PACKER (1961) at the 1960 
Symposium on Aeronomy is reproduced in figure 
11. The maximum intensity of the Herzberg 
bands occurs a t  95 km, while the calculated height 
profile in figure 10 shows a maximum at 80 km. 
These calculations were made for three-body exci- 
tation of molecular oxygen with no deactivation. 
The measurement of the maximum a t  95 km shows 
that molecular deactivation must be occuring up 
to at least 95 km. The intensity of the Herzberg 
bands is described by equation 31 with the radia- 
tive term dominating above 100 km a7i; ' i :  
molecular deactivation term below 100 km. 

(41) I = k3a [012 [M] > 100 km. 

< 100 km. 

Because the neutral particle density at 100 km, 
[MI, is equal to particles cm-,, k3*/A3 must 
be of the order of lO-I3  om3 if molecular deacti- 
vation is to dominate. Since the observed Herz- 
berg intensity is of the order of 1 kilorayleigh and 
the oxygen atom density at 100 km is 10l2 cm-3, 
ic, from equation 32 is equal t o  cm3 sec-1. 
The bhree-body rate coefficient, kSa, then needs to 
have a value of the order of cm6 sec--1. 
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ALTITUDE DISTRIBUTION 
(OZ)UV, (01) 5577A, (0230-0  BAND 

I30 

60 701 
WHITE SANDS, NEW MEXICO 
6 NOV, 1959 0025 MST 

1 I I I 
0 0.5 1.0 

* RELATIVE INTENSITY (NORMALIZED) 

FIG. 11. -- Measurements of the height profile of the oxygen 
night airglow by Naval Research Laboratory rocket expe- 
riments. (Reproduced froin P A C ~ ~ E X ,  1961.) 

The height profile of the atniospheric bands also 
shows a maximum near 95 kin ; hence, the argu- 
ment for molecular deactivation being prevalent 
up to this height applies here as well. Equations 
analogous to equation 41 and 42 will describe the 
intensity distribution. Since, however, the mea- 
sured intensity of the atmospheric bands is 14.5  
kilorayleighs (PACXER, 1961), the order of magni- 
tude values for the rate coefficients become 
the following : k3, = cm3 sec-1, 
k3rb/A3, = 10-13 cm3, and k,., = 10-33  em3 sec-1. 
Because the intensity of the (0 ,  0 )  atmospheric 
band is determined by molecular deactivation 
below 100 km, the resonance reradiation of this 
band that has been calculated by CHAMBERLAIN 
(1954) does not have the opportunity to take 
place and produce the lowering of the intensity 
maximum that he predicted. 

The most famous upper-atmosphere three-body 
reaction is what has been called the CHAPMAN 
mechanism of the 5577 A night airglow line of 
atomic oxygen. Thirty-three years ago CHAP- 
MAN (1931) proposed with a great deal of insight 
that the energy source of the night airglow green 
line resided in the dissociated oxygen in the upper 
atmosphere. Since that time the theory has been 
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amplified with a long-popular version having the 
oxygen atom becoming excited in a three-body 
reaction with two other oxygen atoms. A some- 
what more complicated version of CHAPMAN'S 
original idea is given here (BARTH, 196ld). 

Two oxygen atoms recombine in a three-body 
collision to  produce an oxygen molecule in an 
electronically excited state. This excited mole- 
cule will either radiate or undergo a deactivating 
collision with an oxygen atom. If the electro- 
nically excited molecule lies in certain vibra- 
tional levels, the electronic energy of the molecule 
may be transferred to the atom to produce an 
oxygen atom in a IS state from which the 5577 A 
line is subsequently radiated. The excited oxygen 
atom is also susceptible to deactivation. These 
reactions may be represented by the following 
set of equations : 

The excited oxygen molecule in equation 43 
may be in either the c l  C or C 3 A  state. (See 
fig. 7.) The excited atom in equations 44 and 47 
is in the 'S state. The hv of equation 47 refers 
to the 5577 A line. The intensity of the 5577 A 
line from these reactions is given by the following 
expression : 

The deactivation rate coefficient of the exci- 
ted atom, keet has been measured by BARTH 
and HILDEBRANDT (1961) and found to be 
4 . 5  x em3 sec--l. Using the value of 
1 .28  sec--l for A,, the radiative transition proba- 
bility of the 5577 A line, leads to the result that 
the highest level in the atmosphere where atom 
deactivation can occur is 80 km, where the particle 
density is 3 x 1014 cm-3. Observations of the 
green line in meteor wakes show little deactivation 
down to 80 km (HALLIDAY, 1960). 

It has been argued that the intermediate meta- 
stable oxygen moleculeis deactivated below 100 km 
by collisions with molecules, equation 46, and 
above 100 km by collisions with atoms, equation 
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45, (BARTH, 1962b). Using this assumption, the 
intensity of the 5577 A line, equation 49, will have 
the following dependences for the indicated alti- 
tude regions : 

[0]2 [MI > 100 km. k0a k6b 

( k 0 b  $. k&) 
(50) I = 

The argument for molecular deactivation being 
the dominant deactivation mechanism is based on 
an examination of the rocket results in figure 11. 
Above 100 km, both the Herzberg bands and the 
5577 A line follow the same dependence with 
height. These height profiles are described by 
equation 41 for the Herzberg bands and equation 
50 for the 5577 A line. Immediately below 
100 km, the 5577 A intensity falls off more rapidly 
than the Herzberg bands which has been inter- 
preted as indicating a dependence on a higher 
power of the atom density. Equation 51 gives 
the intensity dependence of the 5577 A line as the 
third power of the atomic oxygen density while 
equation 42 has the Herzberg bands dependent 
on the second power. 

Some order of magnitude estimates may be 
made of the rate coefficients in the 5577 A mechan- 
ism. For the transition between molecular deac- 
tivation and atomic deactivation to occur at 
100 km, where the neutral particle density [MI 
is ten times the oxygen atom density [O] ,  

(ksb f ~ G C )  = 10 ked. (53) 

Using the observed intensity of the 5577 A line 
of 250 Rayleighs, a layer thickness of 10’ cm, 
and equations 50 and 51, 

Since the overall rate coefficient for atomic oxygen 
cm6 sec-l three-body recombination is 2 . 8  x 

(Table 11)) IC, may be no greater than i t  and 

(55 ) k 6 b  > l e 1  k0d # l e 2  k6c. 

The mechanism requires that oxygen atoms be 
excited to the IS state in greater than 1 yo of the 
reactions of atomic oxygen with the metastable 
oxygen molecules, equations 44 and 45. The 
molecular deactivation, equation 46, needs to be 
only one-tenth as effective as the atomic deacti- 
vation, equation 45. 

Laboratory experiments have made a subs- 
tantial contribution in determining the overall 
reaction rates of three-body reactions that are 
necessary for the calculation of atom densities in 
the upper atmosphere. The difficulties and limi- 
tations of laboratory apparatus in measuring the 
reactions of excited atoms and molecules and the 
rate coefficients of the chemiluminescence reactions 
have become apparent, There are some reactions 
that can best be measured in the upper atmosphere 
and, in the best tradition of geophysics, the study 
of these reactions in the geophysical environment 
may make a fundamental contribution to the 
science of reaction kinetics. 
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